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This invention relates to high strength, bioconnpatible metallic Implants. In particular, the invention is of 
titanium alloy medical implants that have a low modulus of elastlcrty and high strength produced by a series 
of specif Ic metallurgical steps to which the alloy Is subjected. Further, the aDoy does not include any elements 
which have been shown or suggested as having short term or long term potential adverse effects when inv 

5 planted in the human body. 

For many applications there has been, and there continues to be, a need for a metal that has a low modulus 
of elasticity but Is also strong, fetlgue-resistant, corrosion resistant, and has a hard surface that is resistant 
to abrasive wear. For instance. In the orthopaedic implant art metals are still the most commonly used material 
for fabricating load-bearing implants such as, for instance, hip joints and loiee joints. 

10 Metals and metal alloys such as stainless steel, vitallum (cobalt alloy) and titanium have been used suc- 
cessfully. These materials have the requisite strength characteristics but typically have not been resilient or 
flexible enough to form an optimum implant material. Also, many alloys contain elements such as aluminium, 
vanadium, cobalt, nickel, nrwlybdenum, and chromium which recent studies have suggested might have some 
long term adverse effects on human patients. 

IS Many of the metal alloys typically used in prosthetic implants were developed for other applications, such 
as Th6A1-4V alloy In the aircraft industry. These alloys were later thought to be suitable for use as implant 
materials because they possess mechanical strength and appeared to have acceptable levels of biocompati- 
billty. However, these metals typically have elastic moduli much higher than that of bone, for example, 316 
stainless steel has an elastic modulus of about 200 GPa while that of cast hea(-treated Co-Cr-Mo aDoy is about 

20 240 GPa 

It has also been found that many of these metals will corrode to sonne extent in body fluids thereby re- 
leasing Ions that might possibly be harmful over a prolonged period of time. It is now believed that the corrosive 
effects of body fluids is due both to chemical and electro-chemical processes, with corrosion products forming 
when certain comnwnly-used metal alloys ionize from corrosion processes in the body. For example, alumi- 

25 nium metal ions have been associated with Alzheimer's disease and vanadium, cobalt, molytxlenum, nickel 
and chromium are suspected of being toxte or cardnogenia 

It has been suggested that metals could be coated with a biocompatible plastic, ceramic or oxide to over- 
come the corrosion problem. However, coatings tend to wear off and are susceptible to delaminating and sep- 
arating from the metal substrate, exposing the metal to t>ody fluids. 

30 Generally, it is the industry practice to passivate the implant metal alloys. However, passivatk>n produces 
only thin, anmphous, poorly attached protective oxide films whteh have not proved totaDy effective In elinrv 
inating the fornnatton of corroston products in the body, partk^ulariy in situations where fretting occurs in the 
body. 

As implant metals, titanium alloys offer advantages over stainless steels because of their lower suscep- 
35 tiblity to corrosk>n in the body coupled with their high strength and relatively low modulus of elasticity. Upon 
cooling, the currently used TV6A1-4V alloy transforms from a p-structurs to an a plus p structure at about 
1 0OO^'C. This transition can be shifted to a lower temperature by the addit ton of one or more suitable p-phase 
stabilizers such as molybdenum, zirconium, ntobium, vanadium, tantalum, cobalt, chromium, iron, manganese 
and nickel. 

40 Some efforts have been directed toward the devefopment of alloys that eliminate harmful metals. For ex- 
ample, US patent 4,040,129 to Steinemann et al is directed to an alfoy whtoh includes titanium or zirconium 
as one component and, as a second component, any one or rttore of: nickel, tantalum, chromium, molybdenum 
or aluminum, but does not recognise or suggest any advantages from having a relatively low elastic modulus, 
or advantages or disadvantages associated with high temperature sintering treatments (at about 1250°C), 

45 conunonly employed to attach porous metal coatings into which bone can grow to stabilize non-cemented, 
prass-f it devices Into the skeletal structure. 

Although Steinemann provides that copper, cobalt, nickel, vanadium and tin should be excluded, apart 
from the'r presence as unavoidable Impurities, the patent indicates that it is permissible to have any or all of 
chromium, molybdenum and aluminum, which are all believed to have potential long-term adverse effects, 

so present in the alloy as tong as their combined weight does not exceed 20% of the total weight of the alloy. 

US patent 4,857,269 to Wang et al relates to a titanium alloy for a prosthetic implant said to have high 
strength and a low modulus. The titanium alloy contains up to 24 wt% of at least one isomorphous beta stabilizer 
from the group molybdenum, tantalum, zirconium and ntobium; up to 3 wt% of at least one eutectoid beta sta- 
bilizer from the group Iron, manganese, chromium, cobalt or nickel; and optionally up to 3 wt% of a metallto a- 

55 stabilizer from the group aluminium and lanthanum. Incidental impurities up to 0.05% carbon, 0.30% oxygen. 
0.02% nitrogen, and up to 0.02% of the eutectoid former hydrogen are also included. Although there is some 
discusston of having an elastic modulus (eg. Young's nrKxJulus) around 85 GPa, the only examples of a low 
modulus (66.9-77.9 GPa) all contain 11 .5 wt% Mo which is a potentially toxto element and undesirable for op- 
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timizing biocompatibiiity. 

Other currently used metal alloys have similar drawbacks. For example, the commonly used Th6A1-4V 
alloy, with appropriate heat treatment offers some degree of biocompatibiiity but has an elastic modulus of 
about 120 GPa. Although this elastic modulus is lower than other alloys and accordingly offers better load 

5 transfer to the surrounding bone, this modulus is still significantly greater than desired. Moreover, the alloy 
contains aluminium and also vanadium, which is now suspected to be a toxic or carcinogenic material when 
present in suff Ident quantity. 

Commercially available PROTOSUL100(Sulzer Bros. Ltd) is a Ti-6A1-7Nb alloy which intentionally avoids 
the potentially adverse effects of vanadium toxicity by substituting niobium. However, the alloy still contains 

10 aluminium and has an elastte modulus of about 110 GPa (15.9 x 10 psi) in heat-treated condition, and with a 
tensile strength of about 1060 MPa. 

With medical prostheses being implanted in younger people and remaining in the human body for longer 
periods of time, there is a need for an implant material with requisite strength and flexibility requirements, 
which does not contain elements which are suspected as having long-term harmful effects on the human body. 

15 Desirably, the implant material should have a hardened surfece or coating that is resistant to microfretting 
wear and grDSS mechanical wear. 

Similarly, cardiovascular medical implants have unique blood biocompatibiiity requirements to ensure 
that the device is not rejected (as in the case of natural tissue materials for heart vah^es and grafts for heart 
transplants) or that adverse thrombogenk: (dotting) or haemodynamic (blood flow) responses are avoided. 

20 Cardiovascular implants, such as heart valves, can be fabricated from natural tissue. These bioprostheses 
can be affected by gradual calcification leading to the eventual stiffening and tearing of the implant 

Non-bloprosthetic Implants are fabricated from materials such as pyrdytlc carbon-coated graphite, pyro- 
lytic carbon-coated titanium, stainless steel, cobalt-chrome alloys, cobalt-nickel alloys, alumina coated with 
polypropylene and poly-4-fluoroethylene. 

25 For synthetic mechanical cardiovascular devices, properties such as the surface finish, flow characteris- 
tics, surface structure, charge, wear, and mechanical integrity all play a role in the ultimate success of the 
device. For example, typical n^terials used for balls and discs for heart valves indude nylon, silicone, hollow 
titanium, TEFLON (Trade Mark), polyacetal, graphite, and pyrdytic carbon. Artificial hearts and ventricular 
assist devices are fabricated from various combinations of stainless steel, cobalt alloy, titanium, Th6A1-4V al- 

30 loy, carbon fibre reinforced composites, pdyurethanes, BIOLON (Trade Mark, DuPont), HEMOTHANE (Trade 
Mark, Sarns/3M), DACRON (Trade Mark), pdysulfone, and otherthermoplastlcs. Pacers, defibrillators, leads, 
and other similar cardiovascular implants are made of Ni-Co-Cr alloy, Co-Cr-Mo alloy, titanium and T1-6AI- 
4V alloy, stainless steel, and various biocompatible polymers. Stents and vascular grafts are often made of 
DACRON (Trade Mark) stainless steel or other polymers. Catheters and gukie wires are constructed from 

35 Co-Ni or stainless steel wire with surrounding polymer walls. 

One of the most signlf teant problems encountered in heart valves, artif Idal hearts, assist devices, pacera, 
leads, stents, and other cardiovascular i mplants is the formation of blood dots (thrombogenesis). Protein coat- 
ings are sometimes employed to reduce the risk of blood dot formation. Heparin is also used as an anti- 
thrombogenic coating. 

40 It has been found that stagnant fk>w regions in the devices or non-optimal materials contribute to the for- 
mation of blood dots. These stagnant regfons can be minimized by optimizing surface snrKxithness and min- 
imizing abrupt changes in the size of the cross section through which the blood flows or minimizing either 
flow interference aspects. While nr^terials selection for synthetic heart vaWes, and cardiovascular implants 
generally, is therefore dictated by a requirement for blood compatibility to avoid the formation of blood dots 

45 (thrombus), cardiovascular implants must also be designed to optimize blood flow and wear resistance. 

Even beyond the limitatfons on materials imposed by the requirements of Wood compatibility and limita- 
tions to designs imposed by the need to optimize blood flow, there is a need for durable designs since it is 
highly desirable to avoid the risk of a second surgical procedure to implant cardiovascular devices. Further, a 
catastrophic failure of an implanted device will almost certainly result in the death of the patient 

50 The most popular current heart valve designs indude the St Jude medical tilting disc double cusp (bh 
leaO valve. This valve indudes a drcular ring-like pyrolytic carbon valve housing or frame and a flow control 
element which indudes pyrdytic carbon half-discs or leaves that pivot inside the housing to open and dose 
the valve. The two leaves have a low profile and open to 85"" from the horizontal axis. 

Another popular heart vah^e is the Medtronlc-Hall Vah^e wherein the flow oontrd element is a single tilting 

55 disc made of cart>on coated with pyrolytic carbon which pivots over a central strut inside a solid titanium ring- 
like housing. A third, less popular design, is the Omniscience valve which has a single pyrdytic disc as a flow 
control element inside a titanium housing. Finally, the Starr-Edwards ball and cage vaNes have a silastic ball 
riding inside a cobalt-chrome alloy cage. The cage is affixed to one skle of a ring-like body for attachment to 
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the heart tissue. More recent designs include trileafiet designs and concave bileaflet designs to improve blood 
flow. 

From the pointof view of durability, heart valves made of low-thrombogenic pyrolyte cart)on could foil from 
disc or pivot joint wear or fracture related to uneven pyrolytic caiton coating, fracture of the ball cage, disc 
5 impingefnent strut wear, disc wear, hinge failure, and weld failure. A more recent heart valve, the Baruah Bi- 
leaflet is similar to the St Jude design but opens to 80® and is made of zirconium metal. The vah^e has worked 
well over its approximately two-year history with roughly 200 implants to date in India. This performance can 
be partly attributed to the lower elastic modulus of zirconium (about 90 GPa) and the resultant lower contact 
stress severity factor (Co of about 0.28 x 1 0-^m) when the disc contacts the frame. In contrast, pyrolytic con- 
to structions produce contact stress severity factors of about 0.54 x lO-^m. 

Although zirconium has worked well to date and can reduce contact stress seventy, zirconium metal Is 
relatively soft and sensitive to fretting wear. This is partly due to hard, loosely attached, naturally-present pas- 
sive oxide surface films (several nanometers In thickness) which can Initiate microabrasion and wear of the 
softer underlying metal. However, this naturally present zirconium oxide passive f Dm is thrombogenically com- 
15 patible with blood and the design is acceptable from a haemodynamk: standpoint Therefore, while the zirco- 
nium bileaflet valve appears to meet at least two of the major requirements for cardiac vah^e implants, namely 
blood compatibility and design for minimum stagnant flow regtons, the use of soft zirconium metal leads to a 
relatively high rate of fretting wear and leads to the expectation that the valve may be less durable than one 
produced from materials less susceptible to fretting wear. Titanium and titanium alloys present a similar lim- 
20 itatk>n, and Ck>-Cr-Mo. stainless steel, and Co-Ni alloys have much greater elastic modulus. 

There exists a need for a metallic cardiac valve implant that is bk>compatible, compatible with blood in 
that it does not induce Uood clotting and does not form a calcified scale, that Is designed to minimize stagnant 
flow areas where blood ctotting can be Initiated, that has a kiw elast k: modulus for lower contact stress severity 
factors to ensure resistance to wearf rom impact, and that has a surf^ that is ialso resistant to mlcroabraskm 
25 thereby enhancing durability. 

Heart diseases, many of which cannot be cured by conventional surgery or drug therapy, continue to be 
a leading cause of death. For the seriously ill patient, heart replacenwnt is often one of the few viable opt tons 
available. 

Recently, research and development has been carried out into pernranently implantable, electrically driv- 

30 en, total artificial hearts (TAHs). The pumping mechanism of the TAHs would be implanted into the chest cavity 
of the patient and the devtee would be powered by a battery pack and a small transformer, worn by the patient, 
whk:h transmits energy to the heart with no physical connecttons through the skin. 

The development of TAHs posed several issues. Firstly, it was necessary to duplicate the action of a hu- 
man heart ensure long-term reliability and biocompatibllity, while producing a device that fits Into the chest 

35 cavity in terms of both its total volume and the orientatton of its connections to natural vessels in the body. 
Aside from the purely mechanic^, wear, and power supply issues, it is also necessary that the design and 
materials prevent infectton and thrombosis. Blood is a non-Newtonian fluid and its properties, such as viscos- 
ity, change with oxygen content kkJney infection, and even the age of the patient Further, plasma contains 
a suspension of fragile red blood cells which may be caught in artificial valves, or other mechanically stressful 

40 areas, thereby destroying these cells. It is therefore necessary to develop a TAH that does not stress blood 
components, and to fabricate the pump from materials that are not only tHOOompatit>le, but also 1>k>od com- 
patible" in the sense of minimizing damage to blood components and minimizing the formation of blood dots. 

Many of the above comments also apply to ventricular assist devices (VADs), one of which is being de- 
veloped by the Novacor Division of Baxter Health Care Corp. In the use of a VAD, the patienf s heart remains 

45 In place while the VAD boosts the pumping pressure of the left ventricle of the heart Consequently, ttie VAD 
is an assist device rather than a replacement However, the VAD must be bkxxl oompatible for the same rea- 
sons as the total artif ical heart 

There exists a need for a material that is lightweight readily formable into complex shapes, bk>compatible, 
and blood and tissue compatible with a hard surface that is resistant to abrasive wear, microf retting wear, and 

50 the corrosive effects of body fluids, for use in heart assist or replacement devices (including EMHs, VADs, 
and TAHs) to prolong the life of mechanical components while atthe same time mlninruzing any deterious effect 
on blood components. 

According to the inventfon we provide a biocompatible medical implant of low modulus and high strength 
for implantatfon Into a living body where it is subject to corrosive effects of body fhjkis, said medical implant 

55 comprising: 

a metallic alloy consisting essentially of: 

(i) titanium; 

(ii) from about 10 to 20 wt% ntobium or from about 35 to about 50 wt% nk>bium; and 
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(liO optionally up to about 20 wt% zirconium; 
wherein said medical implant has an elastic modulus less than atKHJt 90 GPa and the corrosive effects 
of body fluids does not result in release of toxic or potentially toxic ions Into the living body after surgical im- 
plantation of the implant Into said body. 

5 The invention provides novel medical implants fabricated from hot worked, high strength, low modulus 

alloys of titanium, niobium and zirconium. The alloys are preferably free of toxic or potentially toxic compose 
tions when used as an implant fabrication alloy. More specifically, the invention alloy comprises titanium and 
niobium and optionally zirconium. To achieve the lowest modulus, the titanium should prefsrably be alloyed 
with from about 10 wt% to about 20 wt% niobium or from about 35 wt% to about 50 wt% niobium. Zirconium 

10 is an optional component preferably present in an amount from about 0 to about 20 wt%. Most preferably the 
Invention alloy comprises about 74 wt% titanium, about 13 wt% zirconium and about 13 wt% niobium. 

By the term medical i mplant we mean, eg. knee joint, consisting of a femoral component and a tibial base 
component; but particularly cardtovascular implants, that is devices for implanting and use within the cardi- 
ovascular system; and implants for use in conjunctnn with orthopaedk: implants, eg. bone plates, t>one 

15 screws, intramedullary rods and compression hip screws. 

The invention also provkjes cardiovascular implants of a low modulus, biocompatible, henrracompatible, 
metallk: alloy of titanium with niobium and optionally zirconium including heart valves, artificial hearts, ven- 
tricular assist devices, defibrillators, pacers, electrical leads, sensors, grafts, stents, and catheter devtees. 
The inventk)n also provides surface hardened versnns of these devices produced by oxygen or nitrogen dif- 

20 fuston hardening to improve resistance to cavitatbn, microf retting wear, and impact-induced wear. 

The inherently low modulus of Ti-Nb-Zr aOoys, between about 6 to about 12 millkMi psi depending on met- 
allurgical treatment and compoelt ton, provide a more flexible and fbrghfing construct for cardtovascular appli- 
cations while improving contact stress levels, valve closure, and the ability of leaves in certain vahre designs 
to self-align with blood flow and reduce thrombodynamic effects. 

25 The invention provides components for use in mechanical heart replacement or assist devices, such as 
external mechanteal hearts (EMHs), total artificial hearts (TAHs), and ventricular assist devices (VADs), that 
are lightweight, while also being reststent to corrosive body fluids, mechanteal wear, abrasive wear, and mi- 
crof retting wear. Further, the components of reduced risk of thrombogenesis (blood clotting). 

The preferred low nxxJulus titenium altoys of the invention for use as cardiovascular implants have the 

30 compositions: (i) titenium; about 10 wt% to about 20 wt% ntobium; and opt tonally from about 0 wt% to about 
20 wt% zirconium; and (11) titenium; about 35 wt% to about 50 wt% niobium; and opttonally from about 0 wt% 
to about 20 wt% zirconium. Tantalum can also be present as a substitute for Nb. These alloys are referred to 
herein as T>-Nb-Zr alloys', even though tentelum may also be present 

The exclusion of elements besides titanium, zirconium, and ntobium, or tantalum resulte in an alloy which 

35 does not contain known toxins or carcinogens, or elements that are known or suspected of including diseases 
or adverse tissue response in the tong term. 

Without the presence of zirconium in the composition, the ability of the ThNb-Zr alloy to surface harden 
during oxygen or nitrogen diffusion hardening treatments is more limited. Therefore, presence of zirconium 
is especially preferred when the alloy implant must be diff usk>n hardened. Other non-toxte filler n^terials such 

40 as tentelum, whtoh stebilize the p-phase of titenium alloy, but do not affect the low modulus, (the nradulus of 
elastteity), ie. maintain it at less than about 85 GPa, could also be added. The alloy may be substantially in 
the p-phase and have a strength of greater than 620 MPa 

A porous coating, such as plasma-sprayed or sintered titanium or titanium alloy (including Tht4b-Zr alloy) 
beads or wire mesh may also be added to the implant* s surfaces to improve tissue attachment, such as the 

45 formatton of an endothelial cell layer, preferred In artificial heart, ventricular assist devk:es, grafts, and stent 
devices. Such coatings provide more favourable blood biteractton and flow characteristics, and also tend to 
stabilize the implant with the body. Thus, such porous coatings may also be useful for connecting regions of 
these devices as well as for heart valves and grafts. Even though the applicatton of such porous coatings usu- 
ally requires sintering at relatively high temperatures, the properties of the ThNb-Zr alloy that might affect its 

so u^ulness as an implant material are not adversely affected. 

The Invention aDoy is strengthened by a hot working process wherein the alloy is heated to a temperature 
about its p-transus, or within about 100"^ below its p-transus. hot worked, and then cooled rapidly, following 
which It is aged at temperatures below the p-transus. Preferably, this aging Is carried out for about 2 to about 
8 hours, most preferably about 6 hours at about 500^*0. The aging process may also consist of a gradual ramp- 

55 up from room temperature, preferably in about 0.5 to 1 0 hours, during which preaging of the material may occur, 
followed by teothern^al aging at an appropriate temperature below the p-transus for from about 15 minutes to 
20 hours, preferably about 6 hours. Note that by the time the alloy is rerTK>ved from the furnace and the hot 
working operation performed, the temperature of the alloy may have decreased signif k:antly; so the hot work- 
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ing operation may actually occur at a temperature significantly lower than the temperature to which the alloy 
is heated prior to hot working. The invention's hot worked, quenched and aged titanium alloys have a low elastic 
nuxhilus (about 60 to at)out 90 GPa) and have tensile strengths exceeding about 700 MPa. preferaUy exceed- 
ing about 800 MPa. 

5 Further, the Invention implants may be surface hardened by any one of several processes used in the 

field of metallurgy but not necessarily known for use with medical implants. For example, there are processes 
In which the alloy is subjected to nitrogen or oxygen diffusion, internal oxidation, or nitrogen or oxygen ion 
Implantatkin. A descriptton of these techniques may be found In our copending application, US Serial 
No.832,735, filed 7 February 1 992, which is hereby incorporated by reference as if fully set forth. Clearly, the 

10 alloy should be formed into the desired shape for its Intended use before surface hardening or the benefits 
of surface hardness may be lost In any subsequent shaping operations that affect or remove the surface of 
the alloy to a signif k»nt extent Further, the shaped alloy may be worked for strength enhancement before 
surface hardening. 

The most preferred hot worked, low modulus, high strength alloy for making medteal implants contains 
15 about 74 wt% titanium, and about 1 3 wt% each of zirconium and niobium. Other elements are not deliberately 
added, but may be present in trace amounts to the extent that they were present as unavoidable impurities 
in the metals used to produce the alloy. Other non-toxic filler materials such as tantalum, which could be used 
to stabilize the p-phase, but not affect the low nuxlulus (ie. nnaintain it less than about 90GPa), could also be 
added. The exclusion of elements besUes titanium, zirconium and nk>blum or tantalum results in an alloy which 
20 does not contain known toxins or carcinogens or elements that are known or suspected of including diseases 
oradverse tissue response in the long term. Such an alk>y is particularly useful in medk^al implant applicatkMis. 

The medkal implant according to the inventton may comprise at least a partial outer surface protective 
coating selected from the group consisting of the oxkJes, nitrides, caibkles and cartx>nitrides of elements of 
the metal alloy, it may further comprise a protective coating of anuyphous diamond-like cartx>n on at least a 
25 portton of an outer surface of the implant 

The metaOic alloy may t>e internally oxMised or nitrided beneath outer surfaces of the implant to produce 
a hardened medk^al implant 

We also provide a heart valve prosthesis for implantation in living body tissue of a patient, the heart valve 
having enhanced hemocompatibility, comprising: 
30 (a) a valve body having an aperture through which blood is able to flow when the heart valve is implanted 
in a patient, the valve body fabricated from a metal alloy comprising: 
(i) titanium; 

(il) from about 1 0 to about 20 wt% niobium or from about 35 to about 50 wt% ntobium; and 
(III) optbnally up to about 20 wt% zirconium; 
35 (b) a flow control element able to move relative to the vahre body to dose the aperture in the valve body 
thereby btocking bk)od f tow through the aperture; and 

(c) means, attached to the vah^e body, for restraining said flow control component to dose proximity to 
the aperture in the valve body. 

We also provide a ventricular assist device induding components with surfeces in contact with Uood when 
40 the device Is implanted in a patient, the improvement comprising: 
said components fabricated from a nwtal alloy comprising: 
(i) titanium; 

(li) from about 10 to about 20 wt% niobium or from about 35 to about 50 wt% niobium; and 

(iii) optk>naIly up to about 20 wt% zirconium. 
45 A total artificial heart devtee Is provided for implantatton into a chest cavity of a patient, the device indud- 
ing components with surfaces subject to mechank»l wear and mterofretting wear when in use in the patient, 
the improvement comprising: 

(i) titanium; 

(ii) from about 10 to about 20 wt% ntobnim or from about 35 to about 50 wt% ntobium; and 
50 (iii) optk>naIly up to about 20 wt% zirconium. 

In a total artificial heart devtee for Implantatton into a chest cavity of a patient, the devtee Induding oonv 
ponents presenting surfaces that are in contact with blood when in use in the patient, the improvement wherein 
the components are fabricated from an alloy comprising: 

(i) titanium; 

55 (li) from about 1 0 to about 20 wt% niobium or from about 35 to about 50 wt% ntobium; and 

(iii) opttenally up to about 20 wt% zirconium. 

We also provide a flexible gukle wire for insertten Into a living body to perform surgical operattons, the 
gukle wire comprising: 
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(a) an elongate, flexible guide wire body having a distal end, for insertion into a patient and into a catheter, 
and a proxInDal end for controlling the guide wire; 

(b) an elongate guide wire core disposed internally along the longitudinal axis of the elongate body, said 
core comprising a nietal alloy comprising: 

5 (i) titanium; 

(ii) from about 1 0 to about 20 wt% niobium or from about 35 to about 50 wt% niobium; and 
(ui) optionally up to about 20 wt% zirconium. 
There is also provided an expandable stent for supporting a blood, urinary, or gastrointestinal vessel from 
collapsing inward, the stent comprising: 
10 (a) a radially outwardly expandable substantially cylindrical stent body of a metal alloy comprising: 

(i) titanium; 

(iQ from about 10 to about 20 wt% niobium or from about 35 to about 50 wt% niobium; and 
(ill) opttonally up to about 20 wt% zirconium, 
the stent body in its unexpected state sized for ease of insertion into a vessel and in expanded state 
IS sized for propping open a vessel, the stent body having a bore therethrough for receiving a means for expand- 
ing the body radially outwardly. 

A biocompatible lead or sensor for conducting electrical s^nals to or from an organ in a living body, the 
lead comprising: 

an elongate flexible body having distal and proximal ends, the flexible body comprising: 
20 (a) an electrically conductive core of a metal alloy comprising: 

(i) titanium; 

(ii) from about 10 to about 20 wt% niobium or from about 35 to about 50 wt% niobium; and 

(iii) optionally up to about 20 wt% ziroonhim. 

A low modulus, biocompatible, percutaneous implant is provided that penetrates the skin of a IMng body 
25 and thereby protrudes from the body, the implant comprising: 

(a) a low modulus metallic Implant body fabricated from a metal alloy comprising: 
(0 titanium; 

ii) from about 10 to about 20 wt% niobium or from about 35 to about 50 wt% niobium; and 
(iii) optionally up to atxxjt 20 wt% zirconium. 
30 said implant body having a first end far insertion into said patient and a portion with a second end for 

extending outside of said patient 

There is provided an external mechanical heart including components with surfeces subject to mechanical 
wear and microf retting wear, the improvement comprising: 
components of a metal alloy comprising: 
35 (a) titanium; 

(b) from about 10 to about 20 wt% niobium or from about 35 to about 50 wt% niobium; and 

(c) optionally up to about 20 yi\% zirconium. 

In an external mechanical heart including components that contact blood when said heart is used to supply 
blood to a patient, the Improvement comprising the components fabricated from a metal alloy comprising: 
40 (a) titanium; 

(b) from about 1 0 to about 20 wt% niobium or from about 35 to about 50 wt% niobium; and 

(c) optionally up to about 20 wt% zirconium. 

A vascular graft of enhanced durability, crush-resistance, low thrombogenicity, and hemooompatibility, 
said graft comprising: 
45 (a) titanium; 

(b) from about 10 to about 20 wt% niobium or from about 35 to about 50 wt% niobium; and 

(c) optbnally up to about 20 wt% zirconium. 

said tubular body having a bore therethrough, said tubular body sized to replace a section of removed 
blood vessel. 

50 The cardiovascular devices may comprise a metal alloy comprising from about 0.5 to about 20 wt% zirco- 
nium. The outer surfaces of the devices may be hardened by a process selected from the group consisting of 
oxygen diffusion hardening, nitrogen hardening, physical vapour deposition, and chemical vapourdeposition. 
The devices may further comprise a coating overlayed over outer surfaces comprising a medicament In ad- 
dition it may comprise wear-resistant surfaces produced by a process selected from the group consisting of 

55 boronation and silver doping. 

The Invention's hot worked, low modulus, high strength titanium implants are produced by heating to 
above the p-transus temperature (or within the range including those temperatures below and within less than 
about lOO^C of the p-transus temperature); hot working the implant; rapidly cooling the hot worked alloy to 
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about room temperature; then reheating and aging at temperatures k>elow the p-transus, in the range of 350- 
550°C, preferably about SOO^C, for a time sufficient to provide an Implant of adequate strength. 

In a particularly preferred aging process, the implant is preaged by gradually heating the quenched im- 
plant for a period of time up to about dSO-SSO^'C. Thereafter, the preaged implant is teothermally aged at this 
5 temperature for a time suff ident to develop strength and hardness characteristics required. 

The invention implants have a low modulus of elasticity of less than about 90 GPa. This is a significant 
improvement over Ti-6A1-4V which has a modulus of elasticity of about 120 GPa. 

In certain applications it may still be desirable to coat the implant* s surface with wear-resistant coatings 
such as amorphous diamond-like carbon coatings, zirconium dioxide coatings, titianium nitrides, carbides, or 
10 the like for protectton against potential micro-fretting wear such as might occur on the bearing surfaces of 
Implant prostheses. 

A porous coating, such as a bead, powder, or wire mesh coating may be applied to i mplants of many types 
for a variety of appllcattons fabricated from the inventive alloy. Such coatings are often useful to provkie In- 
terstitial spaces for bone or tissue ingrowth into the Implant, which tends to stebilize the implant in the skeletel 
IS structure. 

While implants fabricated from the invention hot worked alloy possess high strength, the usefulness of 
these prostheses is not limited to load-bearing applicattons. Because of its oorrosk>n resistence non-toxidty 
and relatively low modulus of elasticity, the alloy can be used to fabricate many types of medical implants in- 
cluding, but not limited to, knee joints, cheek bones, tooth implants, skull plates, fracture plates, intramedullary 
20 rods, staples, bone screws, spinal implants, pelvic plates, and other implants, candbvascular implants such 
as synthetic heart vakes, ventricular assist devtoes, total artif total hearts, stents, grafts, pacers, pacemaker 
leads and other electrical teads and sensors, defibrillators, gukje wires and catheters, and percutaneous de- 
vices. 

Figure 1 shows a simplified representatfon of a ball valve, like the Starr-Edwards Valve. 
25 Figure 2 is a simplified representation of a disc vah^e. 

Figure 3 is a simplified representatk)n of a tilting disc, single cusp vaWe like the Medtronic-Hall vah^e. 
Figure 4 Is a simplified representatfon of a tilting disc, double cusp or bileaf let vah^ of the St Jude or 
Baruah type. 

Figure 5 is a schematic diagram of the Penn State/Sarns/3M design total artifk:iat heart 
30 Figure 6 is a schematic diagram of the University of Utah total artificial heart 

Rgure 7 Is a schematic diagram of the Cleveland Qlnk^lmbus Inc total artif iddl heart 
Figure 8A is a schematic diagram, in cross sectton, of the Texas Heart Institute/Abfomed total artif leal 
heart 

Figure 8B Is a sMe view, in cross sectfon, of the Texas Heart InstKule/AbkHned total artif leal heart of Figure 

35 8A. 

Figures 9A and B are schemata diagrams of end and front views, respectively, of a ventricular assist de- 
vtee. 

Figure 1 0 Is a schemata diagram of a vascular graft of woven metallk: wire composition. 
Figure 11 A is a schematic diagram showing a balloon expandable stent posltfoned within a segment of a 
40 blood vessel to be propped open. 

Figure 11B is a schematic diagram showing a balloon expanding stent into positfon within a btood vessel. 
Figure 11C is a schematic diagram of a stent expanded in a blood vessel. 

Figure 1 2A is a schematic diagram of the components of a defibrillator, showing power source, lead wire, 
and polymeric patch with coiled electrode. 
45 Figure 12B is a cross sectton of the lead wire of Figure 12A. 

Figure 13A is schematic diagram, In partial cross sectfon, of the distal end of a guide wire. 
Figure 13B is a cross sectk>n of the gukJe wire with coating thickness exaggerated. 
Figure 13C shows a catheter containing coiled wire and polymer wall. 

Figures 14A-C are schematic diagrams of prior art pacemaker leads with polyurethane covering. 
so Figure 14D is a schematic of an embodiment of the invention ThNb-Zr pacemaker leads. 
Figure 1 5 is a schemata diagram of a modular knee Joint prosthesis. 

Figure 1 6A is a schematic diagram of a skJe view of a typical Intramedullary rod used in orthopaedk: ap- 
plications. 

Figure 16B Is a view of 16A, rotated by 90**. 
55 Figure 1 7A is a schematic diagram of a typical bone screw. 
Figure 1 78 Is an end view of 1 7A 

Figure 1 8 is a schemat k; diagram showing a typical screw for f bang bone plates. 
Figure 19 is a schematk; diagram of a oompresston hip screw. 
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Figure 20A is a side view of a typical bone plate, in partial cross-section, for securing to the hip. 

Figure 20B is the plate of 20A rotated by 90"* to show 6 holes for bone screws to aff be the plate In the body 
and a topmost hda for receiving a oompressbn hip screw, like that of Figure 19. 

Figure 20C is a cross-sectional view of 20B taken at 9C-9C. 
5 The Inventive alloy implants may be produced by combining, as convnercially pure components, titanium, 
nk>bium and optionally zirconium in the appropriate proporttons, heating the alloy to at>ove its p^transus (or 
within the range of temperatures below and within about 100^ of the p-transus), hot working, rapidly cooling 
to about room temperature, and aging the alloy at temperatures betow the p-transus for a sufficient length of 
time to allow strength development It is essential that cooling be carried out rapidly, as by quenching with 
10 water. Conventional convective air oodtng is not sufficiently rapkJ to produce the high strength, low modulus 
alloy of the inventkm after aging. 

Heart Valves 

15 I n its si mplest form, a synt het ic cardiac valve includes a valve body for aff being the valve to the body t issue 
and through which blood flows, and a flow control element for allowing or blocking off blood flow. For instance. 
Figure 4 shows a typical bileaflet valve having a valve body that includes a ring-like housing 400 with an inner 
ring 402 that has two flanges 404 each containing two slots for receiving hinges attached to leaflets. The flow 
control element of this valve comprises two leaflets 405, in the approximate shape of half discs, with hinge 

20 elements attached at diametrically opposite ends. These hinge elements fit within apertures or slots in the 
flanges 404 of the inner ring 402 and are able to rotate through less than ISO^'C in these apertures. Thus, in 
operatton, the flow control elements are In the position shown in Figure 4 with the valve open with blood ftowing 
from top to l)ottom. When Mood flow reverses and flows from bottom to top, the btleaflets 405 pivot about 
their hinges to dose the apertures in the ring-like valve body. Consequently, there is a significant anKMjnt of 

25 movement about the hinge elements and slots where microfretting wear might be initiated. Furthermore, the 
bileaflet half disc fk»w control elements 405 may impinge upon the inner ring 402 of the valve body, thereby 
leading to cavitatk>n or impact-induced wear. 

The inventton provides heart valves of various designs, exemplified in Figure 1-4, each comprising parts 
subject to impact and wear that are fabricated from Ti-Nb-Zr alloy. More recent designs (not shown in the Fig- 

30 ures) include concave bileaflet and trileaflet designs which are intended to improve blood flow. The heart 
valves are preferably subjected to a hardening process, such as oxygen or nitrogen diffuston hardening to pro- 
duce a harder ThNb-Zr surface that is rssistant to mk:rof retting wear at hinge points and impact wear at those 
locatk>ns where a flow control element impacts the valve body. Consequently, the inventk>n valves have a 
longer cyde life than the currently used St Jude. Omnrsdence, StarrvEdwards, Medtronic-Hall, or Baruah 

35 valves. Indeed, as menttoned before, the Baruah valve is currently fabricated of zirconium or zirconium alloys 
and would therefore be subject to relatively rapM wear because of the relative softness of zirconium and its 
alloys. The use of ThNb-Zr alloy compositions also provUes a low thrombus, bkxxl-oonipatlble surface favour- 
able In redudng the inddence of t)lood dots. 

40 Artif idal HeartsA/entricular Assist Devices 

Figure 5 is illustrative of the Penn State design which incorporates a stainless steel roller screw 10 posi- 
t toned between two flexible diaphragm blood pumps (right side pump 12 is shown, the other is within shell 8). 
A highspeed, low torque brushless DC motor causes the roller screw 10 to turn thereby moving the roller screw 

45 shafts 1 6 linearly back and forth. To each end of the guide shaft 16 is attached a pusher plate 18. When the . 
pusher plate 18 in the right side pump moves backward, blood is drawn into the pump space 14. At the same 
time, the pusher plate in the corresponding left side pump nnoves towards the left pushing blood out of its 
pump space. In this type of pump, the pusher plates 1 8 act against a flexible nr>embrane 1 2, which is in contact 
vifith blood, and which can be inflated on the pump suctton stroke and deflated on pump discharge stroke. The 

so pusher plates are driven by the rdler screw 10 and, thus, according to the inventton, sbc revolutbns of rdler 
screw 10 are required for a full stroke with a motor speed of about 3,000 RPM. While planetary rollers are 
inserted between a roller screw nut and roller screw 10 to give rolling, not sliding contact and to spread mech- 
anical load over many contact points, and while the entire roller screw system is improved by the use of the 
inventbn components. Thus, roller screw 10 and the roller screw nut with which it is in rolling contact are both 

55 fabricated of Ti-Nb-Zr alloy and the surfaces are hardened or coated with a hard, tightly adherent coating. Fur- 
ther, the surfaces of the pump nozzles 2 shown as 4 and 6, connecting elements 20 and conduits 22, into and 
from which blood is continuously being pumped, is fabricated from ThNb-Zr to reduce adverse reaction with 
blood tissue on those surfaces presented to blood a)mponents to minimize the potential for the fbrmatbn of 
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thrombus and blood dots. 

Figure 6 is a schematic cross sectional diagram of the University of Utah electrohydraulic heart This heart 
includes shells 50 and 52 with a pump motor 34 interposed between them. In this type of heart, a nnotor 20 is 
used to pressurize silicone oil In regions 22 and 24 on the undersides of flexible diaphragms 26 and 28, re- 

5 spectively, to nrK>ve blood In and out of the chambers 30 and 32 above the flexible diaphragms. For example, 
when nK>tor 34 pressurizes silicone oil into chamber 22, then flexible diaphragm 26 expands upward and out- 
wardly to push blood flow out of chamber 30 in direction 36. At the same time, silicon oil flows out of chamber 
24 towards chamber 22 thereby allowing flexible diaphragm 28 to assume a natural position, shown in Figure 
2, and drawing blood into chamber 32 as shown from direction 38. Upon reversal of the direction of the bidir- 

10 ectional pump 34, the opposite effects are achieved. 

Since the University of Utah pump is of a bidirectional design, and typically operates at speeds between 
1 0,000 - 1 3,000 RPM in the high pressure direction and 5.000 - 8,000 RPM in the reverse, moving components 
of the pump are subject to microfretting and mechanical wear. Therefore, the Invention components for the 
bidirectional axial flow pump 34 used in the University of Utah TAH design are fabricated from ThNb-Zr alloy 

15 coated hardened or with a wear resistant, hard coating that is tightly adherent, to reduce wear of the high speed 
components. Further, surfeces 40, 41 , 42, 43, 44 and 45 are in direct contact with Mood and are made of Tl- 
Nb-Zr alloy to improve blood compatibility and reduce the potential for thrombus and Mood clotting. Thus, the 
shells of the heart 50 and 52 are also fabricated of Tl-Nb-Zr alloy to reduce thrombogenesis. 

Figure 7 is a schematic cross sectional illustration of the Cleveland Clinic TAH which utilizes a motor to 

20 turn a gear pump 56 which provides hydraulic pressure at about 1 00 psi to cause reciprocal movement of ac- 
tuators 58 which in turn drive pusher-plates 60 that act on flexible diaphragnre 62 to pump the blood. The ac- 
tuators 58 operate slidingly within guide sleeve 64 so that wear on contact surfaces between actuator arid 
sleeve may be expected. Further, the TAH has a flow reversing valve 64 with machine elements, such as bear- 
ing surfaces, subject to wear when the TAH Is In use. Thus, TAH elements that are subject to wear and that 

25 may be advantageously fabricated of Ti-Nb-Zr alloys that are then surface hardened and/or coated wit h a hard, 
wear resistant, tightly adherent coating, include the guide sleeve 64, the actuators 58, the pump's gear ele- 
ments and shaft and the rotary valve 64. Moreover, to reduce the risk of erosion damage to the pump from 
cavitation, the pump housing 72 may lilcewise be fabricated of Ti-Nt>-Zr alloys. Finally, internal surfaces 66, 
68 of the heart housing 70 are in direct blood contact Thus it is desirable to fabricate housing 70 from ThNb- 

30 Zr to reduce the risk of thromt)ogenesis. 

Figures 8Aand B are schematic diagrams of the Texas Heart Instltute/Abtomed TAH des^n which utilizes 
a d.a nrK>tor to drive a miniature centrifugal pump 80 that rotates at about 6,000 - 8,000 RPM. This pump 80 
pressurizes hydraulic fluid alternately into chambers 82 and 84 separated by septum 86 and enck>sed by flex- 
ible diaphragms 88 and 90 respectively. As fluid is pumped Into chamber 82, diaphragm 88 expands into heart 

35 space 92 forcing btood from this space. At the same time, fluid is pumped from chamber 84 causing diaphragm 
90 to relax and expanding heart space 94, drawing blood into the TAH. The hydraulk: flow Is reversed by a 
two-position 4-way rotating valve 1 00 of radial configuration for compactness. Rotary valve 1 00 rotates within 
sleeves 102 and 104 at high speed so that contacting surfaces between the valve 100 and these sleevesare 
subject to wear. Further, rotary valve 1 00 rotates against seals 1 06 and wear may be expected at the contacting 

40 surfaces of the seals and the vah^e 100. 

Several components of the Texas Heart Instituted Abiomed TAH may be fabricated according to the inven- 
tion. Thus, high speed components of the centrifugal pump 80 subject to wear way be fabricated from Ti-Nb- 
Zr alloy and then surface hardened and/or coated with a tightly adherent, hard, wear resistant coating. Further, 
the rotary valve 100 itself and the surfaces of sleeves 102, 104 and seals 106 may be fabricated from Ti-NI>- 

45 Zr alloy then surface hardened or coated with an adherent, wear-resistant coating. Finally, the inner surfaces 
of the TAH 108, 110 may be fabricated from Ti-Nb-Z^ alloys to improve blood compatibility and reduce the po- 
tential for thrombus and blood clotting. 

The Novacor designed VAD illustrated in Figures 9Aand B have a solenoid mechanism 120 which sends 
energy through beam-springs 122, 124 that extend to the back of pump pusher plates 126, 128. The energy 

so stored in the springs translates into linear motmn of the plates which exerts force on the flexible blood sac 
130. The blood sac 130 consists of a butyl rubber layer sandwiched between two layers of pdyursthane Bio- 
mer. The blood sac 130 is supported within a cylindrical aluminium ring 132 that acts as a pump housing. The 
blood infk>w 133 and outflow 134 ports are positbned tangentially on opposite sides of the housing to ensure 
straight-through bk>od flow. The ports are formed of an epoxy-lmpregnated Kevlar fabric shell that Is integrated 

55 into the housing. The ports also encapsulate trileaf let inlet and outlet valves made from bovine pericardium 
tissue. When implanted Into the body, fittings for attaching inflow and outflow valves to vascular conduits are 
bonded to a pump bulkhead, not shown, which also provides the framework for an encapsulating shell around 
the pump. This encapsulating shell also has provlsk>n for mounting the solenoid energy converter. The solenoid 
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energy converter consists of two solenoid mechanisniis, two lightweight titanium t>ean>-springs, and an alumi- 
nium support structure. All of these metallic components would come into contact with blood components and 
body tissue. Thersfore, the invention proposes that the titanium beam-springs be replaced with beam-springs 
of ThNb-Zr alloy. Further, the aluminium support structure would likewise be replaced with a Tl-Nb-Zr alloy 

5 support structure that may optlonaDy be hardened and/or coated with a hard coating. 

Novacor has identified, in designing the solenoid, that "the challenge was coming up with something that 
would run for 100 million cycles a year, without requiring maintenance'. O'Connor, Lee, 'Novacor's VAD: How 
to Mend a Broken Heart", Mechan. Engr'g pp. 53-55 (Nov 1991). The Invention components fabricated from 
ThNb-Zr alk)ys then hardened or coated with hard, wear resistant coatings provide surfaces that are hard, mi- 

10 crof retting wear resistant, btocompatible and blood compatible so that they would meet this goal. To further 
reduce f rictton and wear of wear surfaces of implant devices, a thin boron or silver surface layer can be applied 
as an overlay on the prevkxjsly diff usbn hardened Ti-Nb-Zr surface. 

External mechanical hearts (EMHs) are used as a bridge to transplanL These hearts Include the Jarvik- 
7 pneumatic heart and the more recent left-ventricular assist device, the Heartnr>ats developed by Thermo- 

15 cardlo Systents. In the Heartmate system, two tubes, one carrying air and the other electrical wire, pass from 
outskle the body to an Implanted t>lood pump. The pump is implanted In the abdomen and removes blood from 
the natural heart* s left ventricle. This blood enters and exits the pump through 25 millimeter input and output 
vahfes made from chemically processed bovine tissue. The Mood flows from the output valve through a dacron- 
wrapped polyurethane tube to the aorta. An electric nru>tor mounted in the Heartmate*s lower chamber actuates 

20 a flat-plate piston, which is bonded to a flexible polyurethane diaphragm. When the nnotor goes through one 
revolutton, It turns a cam assembly that compresses the diaphragm, whtoh pushes blood through the output 
vah^e. The operation of the pump Is controlled by a mkroprocessor tocated In a shoulder bag which adjusts 
the heartbeat rate by changing the motor's current According to the inventton, the moving parts of the heart- 
mate pump may be replaced with components febricated from Tl-Nb-Zr alloys then hardened or coated with 

25 a hard coating to reduce mechanteal wear, f rictton, and microfrettlng wear. Furthernwre, those metaOte oonri- 
ponents that come into contact with blood components, may also be replaced with TVNb-Zr alloy components 
similarly coated to improve blood compatibility and reduce the rbk of ck)t formation. 

The gravest problem In the use of the pneumatic Jarvlk-7 heart has been Mentified as the fornwrtlon of 
blood dots. O'Connor. Lee, "Engineering a Replacen^ntfor the Human Hearr, Mechan. Engr'g pp. 36-43 (Jul 

30 1991). In 1990, the FDA withdrew the Jarvik system from clinical trials due to concerns over quality control 
during manufacture. The University of Utah made nrKxJif Ications to the design of the Jarvik heart to develop 
a new system called the "Utah 100" which has elliptical pump housings, as opposed to the spherical housings 
of the Jarvik-7. Further, the Utah 100 has redesigned juncttons for joining the diaphragms within the ventricles 
to the housing. These changes are said to have resulted In an about 70% reduction in blood dot formatk)n 

35 relative to the Jarvik-7 design. However, according to the invention, yet further reduction in blood dot forma- 
Von may be obtained by fabricating moving parts and those metallic surfaces that contact Mood components 
from ThNb-Zr alloys and then hardening and/or coating these components with hard, wear resistant coating 
to increase blood compatibility and thrombus resistance, and to reduce abrasive wear, and reduce microfret- 
tlng wear. 

40 

Guide Wires and Catheters 

Figures 13A and B show, in partial cross sectk)n, the distal end of a gukie wire fabricated according to 
the inventk>n. The guide wire 145 has a core 140 of Tt-Nb-Zr alloy with a surface hardened coating 142 to 
.... 45 reduce f rictton which may be further coated with a material that is bio- and henwoompatible and of low friction 
when in contact with the catheter wall or body tissue. The flexible catheter 146 through whksh the guide wire 
moves is also fabricated according to the invention and indudes a coil 147 of low modulus titanium alloy which 
Is generally encased by a polymer sheath 148 as shown schematicalty in Figure 13C. The gukje wire in this 
case is equipped with a cutting tip 144, preferably also made of ThNb-Zr alloy with a diffusk>n hardened sur- 
60 face optionally with a hard ceramic or lubricating coating. Since the guide wire is fabricated of metal, it is highly 
visible under x-rays, provkling excellent radtopadty. Boron or silver surface layers may also be deposited on 
the diff uston hardened surfaces to further reduce friction and wear. 

Pacemakers and Electrical Signal Carrying Leads/Sensore 

55 

Pacemaker and other electronic leads are manufactured by several corporations, induding Medtronic, 
which produces a range of pacemaker lead designs. 

One of these designs is shown in schematic form In Figures 14A and B. The pacemaker lead body 150 
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has a centrally disposed metallic conductor 152 typically niade of cobalt-nickel alloy, such as MP35N (Trade 
Mark). This conductor 152 Is usually made up of several strands of wire, each having a dianrwter of atXMJt 0.15- 
0.20 nrvn. The conductor 152 is covered by an insulatlve, protective polymer sheath 153 so that the elongate 
body 1 50 of the pacemaker lead has an overall diameter ranging from about 2.2 to about 3 mm. The pacemaker 

5 has a first end 154 with an electrode 158 for connecting to a pulse generator and a second end 156 with an 
electrode 157 for contacting heart musde. An alternative embodiment is shown in Figure 14C. As supplied, 
these two ends are covered with protective pdyurethane caps which can be removed for Installatton of the 
pacemaker. In order to prevent electrical interference with the conductor 152, a polymeric insulative sleeve 
153 8 disposed over the entire pacemaker lead body 150, with the exception of the exposed electrodes 157 

10 for contacting heart musde and the contact electrode 158 for engaging with the pulse generator that houses 
the electronics and power pack for the pacemaker. As explained before, the organic polynteric sheath oonh 
po8itk3ns, typically polyurethane, can sk>wly degenerate in the body causing problems, not only due to potential 
deterioratkm of electrical insulation and interference with electrical signals but also because of potentially toxic 
products of degradation. 

15 The inventton provides, as shown in Figure 14C, a pacemaker wherein the conductor 152 is fabricated 
from a ThNb-Zr alloy that is coated with a tightly adherent, low friction, bk>- and hemooompatible coating, with 
the exception of the electrode for contacting heart musde 1 57, and the electrode 1 58 at the other end of the 
lead for engaging the pulse generator. The coatings can be formed by in ^tu oxklation or nitriding of the Th 
Nb-Zr to produce an electrically insulative surface layer of from about 0.1 to about 3 microns in thickness, pre- 

20 ferably less than about 0.5 microns in thickness. This process can be carried out at the sanne tiwB the material 
is age-hardened. Alternatively, an insulative inert ceramte coating can be applied bf oonventtonal CVD or PVD 
methods either on the original Ti-Nb-Zr alloy surface or onto the diffuston hardened TVNb-Zr surfaca For 
these overlay coatings, the thickness can be as great as 20 microns. The overlay coatings indude ceramic 
metal oxides, metal nitrides, metal carbides, anrxMphous dianriond-like cartMn, as detailed above. The electrical 

25 signal conductor 152 can comprise either a single wire or multiple wires. Exposed TVNb-Zr metallic ends of 
the wire or wires are preferably connected directly to a pulse generator thereby avokling the necessity for a 
weld or crimp to attach an electrode to the conductor which may result in local gakanic corrosion or ph^caDy 
weakened regions. Further, since the coatings provide a natural protective Insulative surfece, the use of a 
coiled construct could be avoided by using only a preferred single-strand, non-coiled low nKxIulus Ti-Nt>-Zr 

30 metallic wire construct for the conductor 152. This will also eliminate the need for stiff guide wire. Finally, the 
overall diameter of the pacennaker lead body 150 could be reduced conskierably from the range of about Z3 
- 3 mm for current commerdally available leads to about 0.2 - 1 mm. Optbnally. the leads of the inventkm 
may be covered with a polymeric sheath. 

35 Stents 

Figure IIAshows a schematic of an expandable stent 160, in non-expanded state, positioned on the distal 
end of a balloon expandable segment 162 of a guide wire 164. The stent is fat>ricated from Ti-Nb-Zr alloy and 
is designed so that it can be collapsed over a balloon segment of a balloon catheter. When the ^nt is in pos- 

40 itton, within segment of a tubular conduit 165 in the body, a bkKxJ vessel for example, to be propped open, 
the balloon 162 is expanded thereby expanding the stent 160 radially outward up to the blood vessel wall 166 
so that means for gripping soft t issue, such as barbs (not shown), on the outer surface of the stent 1 60 engage 
and grip blood vessel tissue to anchor the stent 160 in position as shown in Figure 11 B. The balloon 162 is 
then collapsed and ren)Oved leaving the stent in place as shown in Figure 11C. In this way, the blood vessel 

45 is pernnanentiy propped open. Urinary, gastrointestinal, and other stent applications are also provided using 
ThNb-Zr alloy. 

Grafts 

GO Figure 10 is a representative sketch of a side view of a substantially tubular vascular graft 170 sized to 
graft onto a blood vessel and made of woven low nnodulus Tl-Nb-Zr wires 172. While the graft shown is made 
of woven wires of Ti-Nb-Zr, the graft can also be fabricated from a cylindrical tubing of this alloy. The graft 
can be fabricated from ThNb-Zr alloy in the lower modulus cold worked condition, or In the slightly higher mod- 
ulus aged condition with optional surface hardening. Addltkmally, protein, antibtotlc, anti-thrombic, and other 

55 surface treatments may be employed to further improve the bk>compatibility and dinical performance. 
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Defibrillators 

Figures 12Aand B show a defibrillator Including a flexible silicone polymeric patch 300 with a coil of con- 
ductive wire 320 (typically titanium, stainless steel, orcobalt-nickel-chromlum) on the side of the silicone patch 

5 300 that will contact musde tissue. When in place in the body, the lead wire 320 that carries power to the col I 
340 extends out of the body (through the skin) and is electrically connected to a power source contained in a 
protective container 360. According to the invention, the lead wire 320 is fabricated with an electrically con- 
ductive core 350 of ThNb-Zr alloy and is coated with an adherent electrically Insulative coating 280, such as 
metal oxides, carbides, or nitrides, or with amorphous diamond-like carbon as shown in exaggerated detail 

10 Figure 12B. This coating electrically insulates the lead wire from electrical contact with surrounding body tissue 
white also protecting the metailk: core from corrosion and attack by body fluids, as described previously, for 
the pacemaker lead. Elimination of the polymer coating results in the eliminatton of potentially toxic products 
of gradual degradatkm of the polymer and also the consequent shorting the system when the Insulative coating 
is breached. 

15 

The Hardened Surfaces 

The oxygen or nitrogen dif f uston hardened surface of the alloy implants may be highly polished to a mirror 
finish to further improve btood flow characteristics. Further, the oxide- or nitride-coated surfaces may be coat- 

20 ed with substences that enhance biocompatibility and performance. For example, a coating of phosphatidyl 
choline, heparin, or other proteins to reduce platelet adheskm to the surfeces of the Implant, or the use of an- 
tibtotto coatings to minimize the potential for Infectton. Boronated or silver-doped hardened surface layere on 
the implant reduces friction and wear between contecting parts of heart valves, prosthetic artif teial hearts, 
ventricular assist devk^es, and other contacting parts in the invention card Avascular implants. Additk)nalty, 

25 amorphous dianK>nd-like cart)on, pyrolytic cart>on, or other hard ceramto surface layers can also be coated 
onto the diffuston hardened surface to optimize otherf rk:tk)n and wear aspects. The preferred diff uston hard- 
ened surface layer described in this application provides a hard, well-atteched layer to which these additional 
hard coatings with respect to hardness. Other, conventtonal methods of oxygen surface hardening are also 
useful. Nitriding of the substrate leads to a hardened nitrkJe surface layer. Methods of nitridatton known in 

30 the art may be used to achieve a hard nitride layer. 

Regardless of how a Ti-Nb-Zr alloy implant* s surface is hardened, the frictton and wear (tribtological) as- 
pects of the surface can be further improved by employing the use of silver doping or boronation techniques, 
lon-beam-assisted deposition of silver films onto ceramic surfaces can improve tribblogk^ behaviour. The 
deposition of up to about 3 mk:rons thick silver films can be performed at room temperature in a vacuum chanrv 

35 ber equipped with an electron-beam hard silver evaporation source. Ambcture of argon and oxygen gas is fed 
through the ton source to create an ton flux. One set of acceptable silver deposition parameters consists of 
an acceleratton voHage of 1 kev with an ton current density of 25 microamps per cm^. The silver film can be 
completely deposited by this ton bombardment or formed partially via bombardment while the remaining thtok- 
ness is achieved by vacuum evaporation. Ion bombardment improves the attachment of the sih^ f itm to the 

40 Ti-Nb-2^ alloy substrate. Similar depositton of siWer films on existing metal cardtovascular Implants may also 
be performed to Improve tribidogical behavtour, as well as antibacterial response. 

An alternative method to further improve the tribiologteal behavtour of TVNb-Zr alloy surfaces of cardto- 
vascular implants is to apply boronation treatments to these surfaces such as commercial available boride 
vapour deposition, boron ton implantation or sputter depositton using standard ion implantatton and evapor- 

46 atton methods, or form a boron-type coating spontaneously in air. Boric Add (I-I3BO3) surtace films provMe a 
self-replenishing solto lubricant whtoh can further reduce the f rict ton and wear of the ceramic substrate. These 
films form from the reaction of the B2O3 surface (deposited by various coventlonal nwthods) on the metal sur- 
tace with water in the body to form lubricous boric add. Conventional methods that can be used to deposit 
either a baron (B), H3BO3, or B2O3 surtace layer on the cardiovascular Implant surface indude vacuum evap- 

so oration (with or without ton bombardment) or simple oven curing of a thin layer over the implant surface. The 
self-lubricating mechanism of H3BO3 is governed by its unk^ue layered, tridinic crystal structure which altows 
sheets of atoms to easily slide over each other during articulatton, thus minimzing substrate wear and friction. 

Additionally, surfaces (metal or coated) of all the cardiovascular and medical implants discussed may op- 
ttonally be coated with agents to further improve btologtod response. TYiese agents indude anttooagulants, 

55 proteins, antimicrobial agents, antibiotics, and the like medicaments. 

The titanium alloys are also useful in the manufacture of medical implants, and possess the characteristics 
of high strength, low niodulus of elasticity, corrosion resistance to body fluids and tissue, and are free from 
any potentially toxic elements. Thus, the altoys are especially useful in the fabrication of t>one plates (Figures 
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20A,B,C), Intramedullary rods (Figures 16A.B), compression hip screws (Figure 19), spinal implants, nrKXiular 
knee joints (Figure 15), and the like. Typical nrKXlular knee joints as shown in Figure 15 include a fenKirai com- 
ponent 240 and a tibial component 250. The fenrvMal component Includes condyles 242 which provkle articu- 
lating surfaces and pegs 244 for affixing to the femur. The tibial component 250 Includes a tibial base 252 

5 with a peg 254 for mounting the base onto the tibia. A tibial platform 256 Is nrKHjnted atop the tibial base 252 
and is supplied with grooves 258 that cooperate with the condyles 242. The tibial platform 258 is frequently 
made of an organic polymer (such as ultra-high nwlecular weight polyethylene) but the tibial base 252 and 
fenmal component 240 are fabricated of metal. The Invention provides tibial t>ase8 and femoral components 
of the above-described titaniunvnioblum-ziroonium alloys. 

10 The preferred titanium alk>ys for medical implants for use other than in the cardiac system include: (1) 
from about 10 to about 20 wt% nbbium orfrom about 35 to about SO wt% ntobhim, and (2) optionally up to 20 
wt% zirconium. 

The most preferred inventive alloy for medk^d use outskle the cardiac system contains titanium as the 
major component comprising about 74 wt% of the altoy in oombinatton with about 13 wt% of zirconium and 13 
IS wt%of nk>bium. 

While tantalum may be substituted for niobium to stabilize the p-phase titanium, niobium is the preferred 
component due to its effect of lowering the elast» nxxlulus of the alloy when present in certain specif to pro- 
portk>ns. Other elements are not deliberately added to the alloy but may be present in such quantities that 
occur as impurities in the comnoerically pure titanium, zirconium, niobium or tantalum used to prepare the alloy 

20 and such contaminants as may arise from the melting (alloying) process. Rller materials, such as non-toxic 
tantalum, could also be added to reduce the p-transus (stabiize p) and improve ^rength as long as the rela- 
thfely low modulus of elasticity (less than about 90 GPa) of the base alloy is not significantly affected. 

Based upon the foregoing, it is apparent that the titanium proportton of certain embodiments of the in- 
vent ton alloy could be less than 50 wt%. Nevertheless, these alloys are, for purposes of the specification and 

25 claims, referred to as "titankim alloys". For example, a titanium altoy may contato 20 wt% zirconium and 45 
wt% ntobium with only 35 wt% titanium. 

While the as-cast or powder metallurgically prepared alloy can be used as an implant material or for other 
applicat tons, it can opt tonally be mechantoally hot worked at 600-950°C. The hot working process may include 
such operattons as extruston, hammer forging, bending, press forging, upsetting, hot rolling, swagging, and 

30 the like. After the final hot working step, the alloy should be cooled rapdily, as for instance, by water quenching. 
Skiwer rates of coding, as by air convectton coding, are not recommended and are not effective In produdng 
the high strength, low modulus alloy 8uitat)le for use as a medical implant After coding, it can then be reheated, 
preferably gradually over a period from about 0.5 to 10 hours, nx>re preferat>ly 1.5 to 5 hours to a nraximum 
temperature of about 700°C, preferably about 500^C. Then, the implant material is maintained at this temper- 

35 ature for from about 0.25 to 20 hours, preferably for from about 2 to about 8 hours, more preferably for about 
6 hours. This process, by a phenomenon called predpitatton strengthening, is responsible forthe high strength 
of the alloy In the hot worked, quenched and aged condltton described above. 

In the specif icat ton and claims, the term "high strength" refers to a tensile strength above about 700 MPa, 
preferably above about 800 MPa. 

40 The term "low nradulus" as used in the spedf ication and daims refer to a Young's modulus bdow about 
90 GPa. 

In titanium alloys, the ntobium (or tantalum, if this dement is added) ads to stabilize the p-phase since it 
is a p-lsonrK)rphous phase stabilizer. This results in a lower p-phase transus temperature and improved hot 
workability. 

45 Ntobium, in particular, when present in preferred quantities of from about 6 to about 10 atomto percent 
(most preferably about 8 atomto percent or in an alternative preferred range of from about 22 to 32 atomic 
percent, produces a low nxKiulus compositton when alloyed with titanium. Deviatton from these ranges of nio- 
bium concentratton tends to increase the elastto nKXiulus. In weight percent terms, these preferred composi- 
t tonal ranges of ntobium in the titanium-zirconium alloy translate to about 10 to about 20 wt% and about 35 to 

so about 50 wt%. 

Titanium dioys containing about 13 wt% niobium correspond to those having about 8 atomto percent nk>- 
bhim. Thus, the ThI 3Nb-1 3Zr alloy is believed to Identify an optimal low nruxiulus, titanium alloy composition. 

As previously mentioned, tantalum may be substituted for ntobium to stabilize the p-phase, but ntobium 
is preferred due to its effed in redudng the dast to modulus. Substitutton with zirconium can improve strength. 
55 Whereas the ntobium proportion is criticd to obtain the desired low nxuiulus property, the zirconium pro- 
portton is not as criticd. It is desirable to maintain the proportton of zirconium at less than about 20 wt% but 
higher proportions are dso useful. 

Zirconium, it is believed, is capable of stabilizing both a and p-phase titanium dloy, but ads by being in 
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solution in the alloy as a p-stabiiizer by slowing the transformation process in the inventive alloy. It is further 
believed that the larger Ionic radius of zirconium (35% larger than that of titanium) helps to disrupt ionic bonding 
forces in the alloy resulting In some reduction in the nuxfulus of elasticity. 

In order to effect the translation to the p-phase (which is not essential to produce the high strength, low 

5 modulus alloy implants of the Invention), the alloy may be treated by heating to above the p-transus temper- 
ature, eg. to about B75°C, for about 20 minutes. Lower temperatures above the p-transus may also be used. 
The p-phase may also be induced by heating to higher temperatures for shorter periods of time. The critical 
fector for transition to the p-phase Is heating to at least about the p-transltion temperature, which is about 
728''C for Th13Zr-13Nb, for a period of time sufficient to obtain a substantial conversion of the titanium alloy 

10 to the p-phase prior to cooling to room temperature. Conversion of the alloy to the p-phase and cooling may 
be effected before, during or after shaping for implantation and sintering of a porous metal coating, whichever 
is most convenient 

It should be noted that heating to the above the p-transus and hot working at such elevated temperature 
while converting most or all of the alloy to the p-phase, is not essential to obtain the desired high strength 

IS and low nKxJulus. Indeed, the alloy may be heated to a temperature as low as about 1 0O^C below the p-transus, 
and hot worked at this tower temperature to achieve high strength and low modulus, after rapid quenching 
and aging, without complete transformatton to the ^phase. The region immediately t>elow the p-transus tenrv 
perature Is called the a p region. Hot working may be performed after heat'mg to this a -•• p region and, pos- 
sibly, even temperatures below this region, ie. temperatures as low as about 100^C below the p-transus. 

20 The p-transus temperature of the most preferred Ti-ISNb-l 3Zr alloy is about 728*^. The alloy may be heat- 
ed to above the p-transus, eg. about 800^, for forging. Other intermediate temperatures may also be used, 
but at temperatures lowerthan about 600*'C forging may be difficult because of the poorer formabllity of the 
alloy at these low temperatures. 

The machining, casting or forging of the alloy into the desired implant shape may be carried out by any 

25 of the oonventtonal methods used for titanium alloys. Further, Implants oouM be pressed from the powdered 
alloy under condlttons of heat and pressure In pre-forms in the shape of the desired implant Conventtonal 
sintering and hot isostatic pressure treatments can be applied. 

While the alloy provkjes a non-toxk: prosthesis material, it may yet be desirable for other reasons, such 
as micro-fretting against bone or polyethylene bearing surfaces, to coat the metal surface. In this event, the 

30 surface way be coated with an amorphous dianK>nd-like cart)on coating or ceramto-like coating such as tita- 
nium nitride or titanium carbkte, or the oxkte, nitride or carbkJe of zirconium, using chemtecri or plasma vapor 
deposition technk^ues to provide a hard, impervious, smooth surface coating. 

Alternatively, a coating may be formed in situ on the shaped alloy by exposure to air, oxygen, and/or ni- 
trogen at elevated temperatures to oxidize or nitride the surface of the alloy to a desired depth. Typically these 

35 coatings, resulting from the diffuston of oxygen or nitrogen Into the metal surface, are up to about 100|i thk:k 
or greater. These in situ coatings are tightly adherent and nK>re wear resistant than the metallic alloy surface. 
Coatings are therefore especially useful if the alloy is subjected to condittons of wear, such as, for instance, 
in the case of bearing surfaces of knee or hip prostheses. 

Methods for provkiing hard, low-f rictton, impervious. bkxxMnpatible amorphous diamond-like carbon coat- 
ings are known in the art and are disclosed In, for example. EPO patent application 302 717 A1 to Ion Tech 
and Chemical Abstract 43655P, Vblume 101 describing Japan Kokal 59/851 to Sumitomo Electric, all of whteh 
are incorporated by reference herein as though fully set forth. 

Further, the metal alloys may be hardened by interstitial ion implantation wherein the metal surface is 
bombarded with the ions of oxygen or nitrogen, and the like. The metal retains a metallic-appearing surface 

45 but the surtace is hardened to a depth of about 0.1|i. The metals may also be surface hardened by Internal 
oxidatk>n, as described in our copending US Serial No.832,735, filed 7 February 1992. 

Implants fabricated from the inventive alloy may be supplied with a porous bead, powder, or wire coating 
of titanium alloy of the same or different composition Including pure titanium to allow stabi lization of the i mplant 
in the skeletal structure of the patient after implantatton, by bone ingrowth into the porous structure. Such 

50 porous structures are sonwtimes attached to the implant surface by sintering. This involves heating the im- 
plant to above about 1250*'C. The mechanical properties of titanium alloys can change significantly due to 
substantial grain growth and other metallurgk:al factors arising from the sintering process. Thus, after sintering 
to attach the porous coating, it Is preferred that the Ti-1 3Zr-1 3Nb Implant be reheated to about 875''C (or above 
the p-transus) for 20-40 minutes then quenched before being aged at about 500X for about 6 hours to restore 

55 mechanical properties. If quenched adequately from the sintering temperature, itmay be possible to go directly 
to the aging process. 

The following examples are intended to illustrate the invention as described above and claimed hereafter 
and are not intended to limit the scope of the inventton in any way. The aging temperature used in the examples 
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is determined to be acoeptaUe, although not necessarily optimal. 



Example 1 



5 An alloy including, by weight 74% titanium, 13% niobium and 13% zirconium, was hot rolled at a temper- 

ature in the range 825-875''C to 14mm thidc plate. The plate was cooled to room temperature then reheated 
to 875*^0 where It was maintained for 20 minutes and then water quenched to room temperature. The ^transus 
for this alloy was about 728**C as compared to about 1000^ for Ti-8A1-V. The mechanical properties of the 
heat-treated, quenched Ti-Zr-Nb alloy, which has an acicular transformed p-structure, are shown in Table I. 

10 

TABLE I 



Mechanical Properties of THl3Zr-13Nb 


As water Quenched from above 


P-Transus Temperature 


Tensile Strength 


710 MPa 


Yield Strength 


476 MPa 


Elongation 


26% 


Reduction in Area 


70% 


Young's Modulus 


62GPa 


Rockwell C Hardness 


18-19 



Example 2 

30 The heat-treated, quenched ThZr-Nb alloy of Example 1 was aged by heating at SOO^C for 6 hours. The 
mechanical properties of this aged alloy are shown In Table II. 

TABLE U 



Mechanical Properties of Quenched 



Ti-13Zr-13Nb Aged SOO^C for Six Hours 


Tensile Strength 


917 MPa 


Yield Strength 


796 MPa 


Elongation 


13% 


Reduction in Area 


42% 


Young's Modulus 


76.8 GPa 


Rockwdfd Hardness 


About 29 



Examples 

50 

Samples of the alloy of Exannple 1 were sintered at about 1250^0 to attach a porous titanium bead coating 
of the type shown in Figure 1. The bead-coated alloy samples were then reheated to 875'*C and maintained 
at this temperature for 40 minutes before being water-quenched. A group of six samples were aged at SOO^'C 
for 6 hours and the mechanical properties of aged and non-aged samples (three each) were tested and shown 
55 in Table III. 
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TABLE III 



Mechanical Properties of TI-iaz^-ldNb Alloy Following Bead 


Sintering, Reheating to B7S^, and Water Quenched 


As-Quenched 


(Avg) 


Aged (500»C Six Hours) 


Tensile Strength 


664 MPa 


900 MPa 


Yield Strength 


465 MPa 


795 MPa 


Elongation 


20% 


4% 


Reduction Area 


46% 


9% 


Young's Modulus 


61.8 GPa 


74.7 GPa 



Note that the sintering treatment can significantly alter the mechanical properties, partteularty ductility. 
Thus, an alloy acceptable for a particular application in unsintered form may not necessarily be effective in 
that application following a high-temperature sintering treatment often used to attach a porous titanium coat- 
ing. To minimize these effects, lower temperature diffusion bonding methods can be used in which a temper- 
^ ature near the p-transus may be effective. Alternatively, pre-sintered porous metal pads can be tack-welded 
to the implant Yet another alternative is to apply the porous coating by a plasma-spraying method which does 
not expose the bulk of the material to high temperature. 

Example 4 

2S 

A comparison of the elastic modulus, tensile strength and yield strength of the Ti-13Zr-13Nb invention 
alloy ¥^h those of known alloys, composites and cortical bone, are summarized in Figures 2 and 3. AI2Q3 and 
Zr02 refer to ceramics virhile C/PEEK refers to carbon reinforced potyetheretherketone composite and C/PS 
refers to a cart)on reinforced polysulfone composite. An the mechanical property data of Rgures 2 and 3 were 
^ obtained from literature sources except for the data pertaining to the inventk>n alloy which were measured 
using standard ASTM tensile testing techniques. It is significant that the Ti-1 3Zr-13Nb inventton alloy has an 
elastic nrxKlulus similar to cart>on fibre reinforced composites and closer to that of bone than the other metals 
(Figure 2) while at the same time possessing a strength coifnparable to or better than other metals (Figure 3). 

35 

Examples 

Asample of Th18Zr-6Nb was sintered to attach a porous metal coating. Thereafter, the sintered alloy was 
reheated to 875''C, ie. atKive the p-transus, and water quenched. The properties of the as-<pjenched alloy are 
shown in Table IV. The sample was then aged at 450°C for 3 hours and tested. These results are also shovm 
^ in Table IV. 

As compared to the Ti-1 3Zr-1 3Nb alloy of Example 3, this alloy's modulus of elasticity is not as bw but is 
stlD tower than that of Ti-6A1-4V. Further, the Ti-1 8Zr-6Nb aHoy has a relatively low p^ransus, about 760*t), 
compared to that of Th6A1-4V which is about 1000°C. 

45 



60 



55 
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TABLE IV 



10 



Mechanical Properties of Ti-18Zr-6Nb Following A High Temperature 


Sintering Treatment, Reheating to 875''C. and Water Quenching and 


Aging 




As-Quenched 


Aged 450«C. 3 Hrs 


Tensile Strength 


807 MPa 


876 MPa 


Yield Strength 


859 MPa 


733 MPa 


Elongation 


8% 


8% 


Reduction in Area 


26% 


28% 


Elastic Modulus 


85.2 GPa 


86.8 GPa 



Note that because of the less than optimum niobium content, the elastic nxxlulus is not as low as the pre- 
vtous example. Thus, proper selection of niobium content is important for optimizing the low elastic modulus. 
However, the presence of zirconium helps to keep the elastic modulus at an acceptably low level (less than 
^ about 90 GPa). 

Example 6 

The effect of aging conditions on TV13Zr-13Nb and T1-18Zr-6Nb was investigated. Separate samples of 
^ each alloy were air-coded or water-quenched from above the p-transus, aged at 500, 450, 400 and 350"C for 
up to 6 hours then air cooled. The results are recorded in Figure 4. 

Example 7 

^ Forgings of Ti-13Nb-13Zr were prepared at temperatures of 800 and 680X. These forgings were either 
water quenched or air cooled from the forging temperature and their mechanical properties were determined: 



TABLE V 





8PQ 


90P 


680 


WO 


poo* 


Quench medium 


Air 


Water 


Air 


Water 


Water 


Ultimate Tensile 


789 


765 


852 


762 


691 


Strength, MPa 












Yield Strength, MPa 


592 


518 


700 


517 


444 


Elongation, % 


21 


23 


18 


27 


28 


Reduction in Area, % 


72 


60 


72 


73 


72 


Young's Modulus, GPa 


84 


66 


85 


72 


60 


Hardness, Rockwell C 


20 


26 


27 


25 





* Net-shape forged 



Forgings of 19mm minimum diameter ThlSNb-iaZr, whicti had been air cooled after forging, were heat 
treated by aging at 350 to 500^0 for from 1.5 to 6 hours. The mechanical properties of these forgings were 
asfbUows: 
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TABLE VA 





Foiging Temp. **C 


800 


800 


800 


800 


5 


Aging Temp, X 


500 


450 


350 


350 




Aging Timei hrs 


6 


1.5 


6 


1.5 




Ultimate Tensile Strengtii, MPa 


775 


810 


872 


882 


10 


Yieid Strength, MPa 


651 


625 


641 


639 




Eongation, % 


23 


20 


18 


17 




Reduction in Area. % 


74 


70 


60 


59 


15 


Young's ^4oduius, GPa 


86 


84 


88 


87 



20 



The strength of these ailoys is not very high, even after aging, since they had been air cooled (slow coding 
as opposed to rapid cooling of water quenching) after fofging. 

Other Ti-13Nb-13Zrforglngs. also of minimum 19mm diameter, were water quenched after forging, then 
heat treated. The mechanical properties of these forgings are recorded in Table VI. 
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The alloy shows significant further improvement in strength while retaining a Young's modulus in the range 
74-90 GPa. Hardness is also significantly greater than for the non-heat treated alloy as well as the reheated, 
quenched, and aged alloy of Example 2. 



20 



EP 0 601 804 A1 

Examples 

Saveral tests were performed to determine the effect on the physical properties of Th13Zr-13Nb when 
forged at different temperatures, aged at different temperatures for periods of time, and quenched under dif- 
5 ferent conditions. 

Water quenched 19mm minimum diameter samples from hip stems (proximal, mid, ordstal sections) were 
heat treated at low temperatures for short times and their properties measured and recorded in Table VII. 
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TABLE VIII 



Forglngs Temp, **C 


800 


800 


800 


Aging Temp, ''C 


500 


500 


500 


Aging Time, hrs 


1 


2 


3 


Ultimate Tensile Strength, MPa 


953 


960 


1017 


Yield Strength, MPa 


802 


811 


898 


Elongation, % 


14 


11 


12 


Reduction in Area, % 


50 


44 


42 


Young's Modulus, GPa 


73 


73 


82 



The Ibigings show an increase in both yield strength and tensile strength with time of aging. 
Example 9 

20 

A 12.5 inch long by 14 inch diameter segment was cut from an Ingot of THl3Zr-13Nb which had been pro- 
duced by arc melting. The plate was press forged to a 3 inch thickness at 1000*^0. The press forged plate was 
then air annealed at 11 oa*C for 1 &-30 minutes before being hot rolled at 900^ to a 1 .35 inch penultimate thick- 
ness. The hot rolled plate was then reheated to 900''C, hot rolled to 1 .04 inch final thickness, and water quench- 
25 ed before being blasted and pickled. The mechanical properties of the plate were as follows: 



TABLE IXA 







Rate 


30 


UKinrate Tensile Strength (MPa) 


78610 




Yield Strength (MPa) 


539±12 




Elongatk)n (%) 


21±0 


35 


Reductton in Area (%) 


51i5 




Young's Modulus (GPa) 


74±3 




Hardness. Rockwell C 


24.6±Z0 



40 

The hot worked and water quenched plate was then subjected to aging cydes conssting of a gradual heat- 
ing up step and an isothernrtal aging step. The heating up appeared to produce a "preaging effect" on the ma- 
terial which enhanced subsequent aging response and produced a higher strength. The aging cyde induded 
heating up the plate over a period of 1.5 to 5 hours up to SOO^'C (preaging), foDowed by 6 hours of aging at 
45 500^C. The resultant mechanical properties of the plate are shown in Table IXB: 

TABLE iXB 

From comparing Tables IXAand IXB, it Is apparent that strength and hardness have increased signif teantiy 
50 due to the aging process. . 

Example 10 

A 54 inch long by 14 inch diameter bar was cut from an ingot of Th13Zr-13Nb produced by arc melting. 
55 The bar was rotary forged to a 5.4 inch d iameter at 875''C, then air annealed at 1 050''C for 3 hours. Thereafter, 
the bar was rotary forged at 800**C to 2.5 inch diameter, and rotary forged at 750*'C to 1.2 inch penultimate 
diameter. The swagged bar was then reheated to 925''C before being rotary swagged to a 1 inch final diameter. 
The bar was water quenched, blasted and pk^kled. and then centreless ground. 
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The resultant mechanical properties of this Ti-13Zr-13Nb t>ar were as fbllows: 



TABLE XA 



5 




Bar 




Ultiniate Tensile Strength (MPa) 


722±9 




rield Strength (MPa) 


463±1D 


10 


Elongation (%) 


26±0 




Reduction In Area (%) 


66±2 




Young's Modulus (GPa) 




15 


Hardness, Rockwell C 


24±2.7 



The hot worked and water quenched t>ar was then subjected to aging cycles including a gradual heating 
up step and an isothermal aging step. Once again, the heating up appeared to produce a preaging effect on 
the bar, which enhanced subsequent aging response and produced a higher strength material. During aging, 
20 the bar was first gradually heated, over a period of 1 .5 to about 5 hours, up to 500*^. This was followed by 6 
hours of isothermal aging at 500^. The resultant mechanical properties of the bar were as follows: 



TABLE XB 



25 


Ramp-up Time to 500**C (hr): 


2.5 




Ultimate Tensile Strength (MPa) 


1008±6 


30 


Yield Strength (MPa) 


881±13 




Elongatfon (%) 


1013 




Reductfon in Area (A%) 


321:14 


35 


Young's Modulus (GPa) 


82.4±2.3 




Hardness, Rockwell C 


31.5±0.6 



As can be seen from a comparison of Table XA and Table XB, the strength and hardness of the bar in- 
creased significantly as a r^lt of the aging and preaging processes. 

The invention has been described with reference to Its preferred embodiments. From this description, a 
person of ordinary skill in the art may appreciate changes that could be made in the inventbn whk:h do not 
depart from the scope and spirit of the invention as described above and claimed hereafter. 



^ Claims 

1. Abtocompatiblemedicalimplantoflowifnodulusandhighstrengthforimplantationintoalivingbodywh^ 
it is subject to corrosh^e effects of body fluids, said medical implant comprising: 

a metallic alloy consisting essentially of: 
^ (i) titanium; 

(ii) from about 10 to 20 wt% ntobium or from about 25 to about 50 wt% ntoblum; and 

(iii) opttonally up to about 20 wt% zirconium; 

wherein said medical implant has an elastic modulus less than about 90 GPa and the corrosive 
effects of body fluids does not result In release of toxic or potentially toxic ions into the living body after 
^ surgteal implantatton of the implant into said body. 

2. The medcal implant according to daim 1 which is a cardiovascular implant 
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The medical implant according to claims 1 or 2 consisting essentially of: 

(i) titanium; 

(ii) from about 10 to 20 wt% niobium; and 
(ili) up to about 20 wt% zirconium. 

The medical implant according to claims 1 or 2 consisting essentially of: 

(i) titanium; 

(ii) from about 35 to 50 wt% nioblunr); and 

(iii) up to about 20 wt% zirconium. 

The medical implant of daim 1 wherein the implant is selected from the group consisting of bone plates, 
bone screws, intramedullary rods, and compression hip screws. 

The medical implant of daim 1 wherein the metallic alloy comprises tantalum in an amount suff ident to 
stabilise the p-phase without significantly affecting the modulus of elasticity of the implant 

7. The medical implant of daim l-wherein the alloy is substantially in the p-phase and has a strength greater 
than about 620 MPa 

8. TYie medical implant of daim 1, wherein the alloy consists essentially of: 74 wt% titanium, 13 wL% nio- 
20 bium, and 13 wL% zirconium. 

9. The medical implant of daim 8 wherein the alloy is substantially in the p-phase and has a strength greater 
than about 620 MPa. 

2s 10. The medical implant of daim 1 further comprising at least a partial outer surface protective coating s^ 
lected from the group consisting of the oxides, nitrides, carbides and carbonitrides of elements of the 
metal alloy. 

11. The medicai implant of daim 1 further comprising a protective coating of amorphous diamond-like carbon 
^ on at least a portion of an outer surface of the implant 

12. The medical implant of daim 1 wherein the metallic alloy is Internally oxidised or nitrided beneath outer 
surfaces of the implant to produce a hardened medical implant 

13. The medical innplant of daim 1 wherein the implant is selected from the components of a modular knee 
^ Joint consisting of a femoral component and a tibial base component 

14w The medical implant of daim 13 wherein the metallic alloy is internialiy oxklised or nHrided beneath outer 
surfaces of the implant to produce a hardened medical implant 

40 15. Themedical implantof daim 13wherein the alloy is substantially in the p-phase and has a strength great- 
er than about 620 MPa. 

16b Themedk»l implant of daim 13 wherein the altoy consists essentially of: 74 wt% titanium, 13 wt%nk>- 
bium, and 13 wt% zirconkim. 
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17. The medical implant of daim 1 3 further comprising a protective coating of amorphous diamond-like car- 
bon on at least a portk>n of an outer surface of the implant 

18. The medk:al implant of daim 13 further comprising at least a partial outer surface protective coating se- 
lected from the group consisting of the oxides, nitrides, carbides and cartwnitrides of elements of the 
metal alloy. 

19. The medical implant according to daim 2 comprising a heart valve prosthesis for implantatton in living 
body tissue of a patient, the heart valve having enhanced hemocompatibility, comprising: 

(a) a valve txxiy having an aperture through which bkxxl is able to flow when the heart vaWe is im- 
planted in a patient, the valve body fabricated from a metal aOoy comprising: 

(i) titanium; 

(ii) from about 10 to about 20 wt% nk>bium or from about 35 to about 50 wt% ntobium; and 
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(iii) optionally up to about 20 wt% zirconium; 

(b) a flow control elennent able to nnove relative to the valve body to dose the aperture In the valve 
body thereby blocking blood flow through the aperture; and 

(c) means, attached to the vaWe body, for restraining said flow control component to dose proximity 
5 to the aperture In the valve body. 

20. The heart valve prosthesis of daim 1 9. wherein the metal alloy comprises from about 0.5 to about 20 wt % 
zirconium. 

21, The heart valve prosthesis of daim 20, wherein outer surfaces of the valve body are hardened by a proc- 
ess selected from the group consisting of oxygen diffusion hardening, nitrogen hardening, physical va- 
pour deposition, and chentical vapour deposition. 



15 



22. The heart valve prosthesis of daim 19 further conHMlsing a coating overlayed over outer surfaces conv 
prislng a medicament 

23. The heart valve prosthesis of daim 1 9 further comprising wear-resistant surfaces produced by a process 
selected from the group consisting of boronation and silver doping. 

24b The medical implant according to daim 2 comprising a ventricular assist device induding components 
20 with surfaces subject to mechanical wear and microf retting wear, the improvement comprising: 

components fabricated from a metal alloy comprising: 

(a) titanium; 

(b) from about 10 to atxxjt 20 wt% niobium or from about 25 to 50 wt% niobium; and 

(c) optionally up to about 20 wt% zirconium. 

25 

25. The ventricular assist device of daim 24, wherein the metal alloy comprises from about 0.5 to about 20 
wt% zirconium. 

26. The ventricular assist device of daim 25. wherein the surfaces subject to mechanical wear and micro- 
30 fretting wear are hardened by a process selected from the group consisting of oxygen diffusion harden- 
ing, nitrogen hardening, physical vapour deposition, and chemical vapour deposition. 

27. The ventrical assist device of daim 24, wherein the surfaces are coated with a medicament 

28. The ventricular assist device of daim 24 further comprising a coating on the surfaces subject to mech- 
^ anical and microf retting wear, the coating applied by a process selected from the group consisting of sil- 
ver doping and boronation. 

29. The medical Implant according to daim 2 comprising a ventricular assist device induding components 
with surfaces in contact with blood when the device is implanted in a patient, the improvement comprising: 

^ said components fabricated from a metal alloy comprising: 

(a) titanium; 

(b) from about 10 to about 20 wt% niobium or from about 35 to about 50 wt% niobium; and 

(c) optionally up to about 20 wt% zirconium. 

^ 30. The device of daim 29, wherein the metal alloy comprises from about 0.5 to about 20 wt% zirconium.. 

31. The device of daim 30, wherein the surfaces in contact with blood ana hardened by a process selected 
from the group consisting of oxygen diffusion hardening, nitrogen hardening, physical vapour deposition, 
and chemical vapour deposition. 

so 

32. The device of daim 29, wherein the surfaces in oontad with blood are coated with a composition com- 
prising a medicament 

33. The nodical implant according to daim 2 comprising a total artif idal heart device for implantation into a 
^ chest cavity of a patient, the device induding components with surfaces subject to mechanical wear and 

microf retting wear when in use in the patient, the improvement comprising: 
components fat>ricated from a metal alloy comprising: 
(a) titanium; 
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(b) from about 10 to about 20 wt% niobium or from about 35 to about 50 wt% nioblun^ and 

(c) optionally up to about 20 wt% zirconium. 

34. The device of daim 33, wherein the metal alloy comprises from about 0.5 to about 20 wt% zirconium. 

35. Thedeviceof daim34, whereinthesurfacessubjecttomechanlcal wearandmicrofretting wearare hard- 
ened by a process selected from the group consisting of oxygen diffusion hardening, nitrogen hardening, 
physical vapour deposition, and chemical vapour deposition. 

36. TYiedeviceofdaimdd, whereinthesurfticessubjecttomechanical wearandmicrofretting wearare hard- 
ened by coating with a process selected from the group consisting of silver doping and boronation. 

37. The medical implant according to claim 2 comprising a total artificial heart device for implantation into a 
chest cavity of a patient, the device induding components presenting surfaces that are in contact with 
blood when in use in the patient, the Improvenrwnt wherein the conr^nents are fiabricated from an alloy 
comprising: 

(a) titanium 

(b) from about 10 to about 20 wt% niobium or from about 35 to about 50 wt% niobiunn; and 

(c) optionally up to about 20 wt% zirconium. 

20 38. The device of daim 37, wherein the metal alloy comprises from about 0.5 to about 20 wt% zirconium. 

39. The device of daim 38, wherein outer surfaces of the components are hardened by a process selected 
from the group consisting of oxygen diffusion hardening, nitrogen hardening, physical vapour deposition, 
and chemical vapour deposition. 
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40. The device of daim 37, wherein the surfeces In contact with Mood are coated overiayed over outer sur- 
faces comprising medicament 



41. The medical implant according to daim 2 comprising a flexible guide wire for insertion into a living body 
^ to perform surgical operations, the guide wire comprising: 

(a) an elongate, flexible guide wire body having a distal end, for insertion into a patient and into a cath- 
eter, and a proximal end for controlling the guide wire; 

(b) an elongate guide wire core disposed Internally along the fongitudinal axis of the elongate body, 
said core comprising a metal crifoy comprising: 

^ (i) titanium; 

(ii) from about 1 0 to about 20 wt% niobium or from about 35 to 50 wt% niobium; and 

(iii) optionally up to about 20 wt% zirconium. 



42. The guide wire of daim 41 further comprising a hardened cutting edge on the distal end of the elongate 
body. 

43. The wire of claim 41 , wherein the metal alloy comprises from about 0.5 to about 20 wt% zirconiunn. 

44^ The wire of daim 43, wherein the core has a hardened outer surfoce produced by a process selected from 
the group consisting of oxygen diffusion hardening, nitrogen hardening, physical vapour deposition, and 
^ chemical vapour deposition. 

45. The wire of daim 41 , where surfaces of the wire that come into contact with body tissue are coated with 

a composition comprising a medicament 

50 46. Thewlreof daim 41, f urther comprising a hardened outer surface, said hardened outer surface produced 
by a process selected from the group consisting of silver doping and boronation. 

47. The medical implant according to daim 2 comprising an expandable stent for supporting a blood, urinary, 
or gastrointestinal vessel from collapsing inward, the stent comprising: 
^ (a) a radially outwardly expandable substantially cylindrical stent body of a metal alloy comprising: 

(i) titanium; 

(ii) from about 1 0 to about 20 wt% niobium or from about 35 to about 50 wt% niobium; and 
(ill) optionally up to about 20 wt% zirconium; 
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the stent body in its unexpected state sized for ease of insertion into a vessel and in expanded 
state sized for propping open a vessel, the stent k>ody having a bore therethrough for receiving a means 
for expanding the body radially outwardly. 

5 48. The stent of daim 47, wherein the metal alloy comprises from about 0.5 to about 20 wt% zirconium. 

49. The stent of daim 48, wherein surfaces of the stent are hardened by a process selected from the group 
consisting of oxygen diffusion hardening, nitrogen hardening, and physical vapour deposition, and chem- 
ical vapour deposition. 
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50. The stent of daim 47, wherein surfaces of the stent are coated with a composition comprising a nr^ica- 
ment 

51 . The stent of daim 47 further comprising a coating on surfaces of the stent, said coating applied by a proc- 
ess selected from the group consisting of silver doping and boronation. 



52. The medical implant according to daim 2 comprising a biocompatible lead or sensor for conducting eleo- 
trical signals to or from an organ in a living body, the lead comprising: 

an elongate flexible body having distal and proximal ends, the flexible body comprising: 
(a) an electrically conductive core of a noetal alloy comprising: . 
^ (i) titanium 

(H) from about 10 to about 20 wt% niobium or from about 35 to about 50 wt% niobium; and 
(Di) optionally up to about 20 wt% zirconium; for carrying the electrical signals. 



53. The lead of daim 52, wherein the metal alloy comprises from about 0.5 to about 20 wt% zirconium. 

54. The lead of daim 53 further comprising a thin non-electrically conductive layer surrounding the electri- 
cally conductive core. 



55. The lead of daim 53 further comprising a coating on the non-electrically conducting layer, said coating 
^ comprising a medicamenL 

56. The medical implant according to daim 2 comprising a low modulus, biocompatible, percutaneous implant 
that penetrates the skin of a living body and thereby protrudes from the body, the implant comprising: 

(a) a low modulus metallic implant body fabricated from a metal alloy comprising: 
(1) titanium; 

(ii) from about 1 0 to about 20 wt% niobium or from about 35 to about 50 wt% niobium; and 
(ill) optionally up to about 20 wt% zirconium; 

said implant body having a first end for insertion into said patient and a portion with a second end 
for extending outside of said patient 

^ 57. The percutaneous implant of daim 56, wherein the metal alloy comprises from about 0.5 to about 20 wt% 

zirconium. 



58. The percutaneous implant of daim 57 further comprising a hardened outer surface, said hardened outer 
surface produced by a process selected from the group consisting of oxygen diffusion hardening, nitro- 

^ gen hardening, physical vapour deposition, and chemical vapour deposition. 

59. The percutaneous implant of daim 58, further comprising a coating on surfaces of the implant body, said 
coating comprising a medicament 

so 60. The percutaneous implant of daim 56 further comprising awear-resistant layer on surfaces of the implant 
body, the wear-resistant layer produced by a process selected from the group consisting of siker doping 
and boronation. 

61. The medical implant according to daim 2 comprising an external mechanical heart induding Components 
with surfaces subject to mechanical wear and microf retting wear, the improvement comprising: 
components of a metal alloy comprising: 

(a) titanium; 

(b) from about 1 0 to about 20 wt% niobium or from about 35 to about 50 wt% niobium; and 
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(c) optionally up to about 20 wt% zirconium. 

62. The mechanical heart of daim 61, wherein the metal metal alloy comprises from about 0.5 to about 20 
wt% zirconium. 

63. Themechanical heartof claim62furthercomprfeingahandenedouter8urfeceonthecomponentssubject 
to mechantoa! and microfretting wear. 

64. The mechanical heart of daim 61 further comprising a wear-resistant coating on surfaces subjed to 
mechanical wear and microfretting wear, the wear-resistant coating produced by a process selected from 
the group consisting of silver doping and boronation. 

65. The medical implant according to daim 2 comprising an external mechanical heart induding components 
that Gontad blood when said heart is used to supply blood to a patient, the improvement comprising the 
components fabricated from a metal alloy comprising: 

(a) titanium; 

(b) from about 10 to about 20 wt% niobium or from about 35 to about 50 wt% niobium; and 

(c) optionally up to about 20 wt% zirconium. 

66. The mechanical heart of daim 65, wherein the metal alloy comprises from about 0.5 to about 20 wt% zir- 
20 conium. 

67. The mechanical heart of daim 65 further comprising a coating on outer surfaces of the components that 
contact Mood, the coating comprising a nnedicament 

25 68. The medical implant according to daim 2 comprising a vascular graft of enhanced durability, crush- 
resistance, low thrombogenidty, and hemooompatibility, said graft comprising: 

(a) titanium; 

(b) from about 10 to about 20 wt% niobium or from about 35 to about 50 wt% niobium; and 

(c) optionally up to about 20 wt% zirconium; 

30 said tubular body having a bore therethrough, said tubular body sized to replace a sedion of re- 

moved blood vessel. 

69. The vascular graft of daim 68, wherein the meial alloy comprises from about 0.5 to about 20 wt% ziroo- 
nlum. 

35 

70. TTie vascular graft of daim 69 further comprising a hardened surface on the tubular body, said hardened 
surface produced by a process selected from the group consisting of oxygen diffusion hardening, nitro- 
gen hardening, physical vapour deposition and chemical vapour deposition. 

71. The vascular graft of daim 68 further comprising a coating on the tubular body, said coating selected 
. ^ from the group consisting a heparin, phosphatidyl choline, and a medicament 

7Z The vascular graft of daim 68, further comprising a wear-resistant coating on the tubular body, said wear- 
resistant coating applied by a process selected from the group consisting of silver doping and boronation. 
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